Half-Heusler alloys with the general formula TiNiSn 1Ϫx Sb x are currently being investigated for their potential as thermoelectric ͑TE͒ materials. A systematic investigation of the effect of Sb doping on the Sn site and Zr doping on the Ti site on the electrical and thermal transport of the TiNiSn system has been performed. Unexpectedly, lattice thermal conductivity L appears to increase somewhat randomly with small amounts (xϽ5%) of Sb doping. Subsequently, an investigation of grain structure in these Sb-doped materials has been found to correlate with the anomalous behavior of L . Furthermore, effects of submicron grain sizes on L in ball milled and shock compressed samples are also presented. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1488698͔
Half-Heusler alloys of the general formula MNiSn (M ϭZr, Hf, Ti) have recently been of interest due to their potential as thermoelectric ͑TE͒ materials. 1, 2 These materials crystallize in the cubic MgAgAs-type structure, forming four interpenetrating fcc sublattices with three filled and one vacant sublattice. The MNiSn half-Heusler alloys are narrow band gap semiconductors with the presence of an indirect bandgap of the order of ͑0.1-0.2 eV͒ 3,4 near the Fermi level and the band structure appears to be very sensitive to doping.
The efficiency of a TE material is related to the dimensionless parameter ZT or the figure of merit, which is given by: 5 (ZTϭ␣ 2 T/), where, ␣ is the Seebeck coefficient or thermopower, is the electrical resistivity, is the total thermal conductivity ͓comprised of the lattice ( L ) and electronic contributions ( E )͔. Current state-of-the-art materials are primarily semiconducting materials such as Bi 2 Te 3 ͑ZT Ϸ1 at TϷ350 K͒, 6 and SiGe ͑ZTϷ1 at Tϭ1200 K͒. Many materials are currently being investigated as potential TE materials. 7 Recently, Shen et al. 8 reported the effect of partial substitution of Ni by Pd on the TE properties in the ZrNiSn half-Heusler system. This investigation yielded ZTϭ0.7 at TϷ800 K in a sample of Zr 0. 5 at Tϭ300 K in the ZrHfNiPdSnSb system which resulted in a ZTϭ0.7 at 800 K. Recently, Goldsmid and co-workers presented a concept of reducing the room temperature thermal conductivity by grain boundary scattering in the half-Heusler system, i.e., a reduced grain size could result in a lower L . 9 Typically, other mechanisms tend to dominate the thermal conductivity at these higher temperatures. Approximately 20 years ago, research was performed on grain size scattering and its effect on L in other TE materials such as Bi 2 Te 3 and SiGe alloys.
12, 13 Goldsmid further predicts for the half-Heusler alloys that L could be reduced more rapidly ͑or at intermediate values of the grain size͒ than any subsequent reduction in the mobility of the charge carriers, thus maintaining the relatively high PFs evident in these materials. We will not make any effort at optimizing the mobility or power factor of these alloys in this present study but will focus on the concept of reduction of L with reduced grain size.
a͒ Author to whom correspondence should be addressed; electronic mail: ttritt@clemson.edu APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 1 1 JULY 2002 Alloys of different compositions were prepared by arc melting appropriate quantities of elements together. Titanium ͑4N purity͒, zirconium ͑3N purity͒, antimony ͑5N purity͒, tin ͑5N purity͒, and nickel ͑5N purity͒ metal powders are mixed together and pressed into a pellet. This pellet was arc melted on a water-cooled copper hearth under argon atmosphere. The resulting button was remelted two or three times after turning the pellet to ensure homogeneity. The button was wrapped in a Ta foil and sealed in an evacuated quartz tube for annealing. A short term annealing at 900°C for 14 h and a long term annealing at 750°C for one week was carried out. High quality single-phase polycrystalline samples were confirmed by x-ray diffraction. Ball milling was carried out under argon pressure for 10 h using a Spex mixer mill ͑model 8000͒. The milled powders were shock consolidated using a three-capsule plate-impact compaction fixture, with a 80 mm diameter single stage gas gun. Prior to consolidation, the powders were pressed in the capsules to about 60%-63% of their theoretical maximum density, and capped with the plugs. Compaction was performed at a measured velocity of 508 m/s ͑ϳ5-7 GPa calculated pressure͒, which yielded 10 mm diameter by 3-mm-thick fully dense compacts. A small rectangular piece (Ϸ2ϫ2ϫ8 mm 3 ) was cut from each ingot of different compositions to measure resistivity, thermopower, and thermal conductivity.
Resistivity and thermopower are measured simultaneously in a closed cycle helium cryostat from 10 to 300 K and the specific technique is described in detail elsewhere. 14 The thermal conductivity is measured from 10 to 300 K using a separate custom designed system using a steady state technique. The mounting and measurement technique and system are also described in detail elsewhere. 15 Uher et al. 2 investigated the thermal transport properties of ZrNiSn, HfNiSn, and isoelectronic Zr 0.05 Hf 0.05 NiSn subject to different annealing conditions. The L of ZrNiSn and HfNiSn were found to be as high as 20 W m Ϫ1 K Ϫ1 at T Ϸ300 K. However, for isoelectronic Zr 0.5 Hf 0.5 NiSn it was found that Ϸ6 W m Ϫ1 K Ϫ1 and the thermal transport properties were significantly dependent on annealing conditions, and found results consistent with mass fluctuation or point defect scattering.
At high temperatures (Tу200 K) the thermal conductivity is typically dominated by phonon-phonon interactions which limit the phonon mean free path L PH causing L to exhibit essentially a 1/T dependence. At these temperatures the sound velocity (v S ) and heat capacity (C V ) are essentially constant in most materials, where L ϷC V L PH v S . Hence, the reduction of L PH could be achieved by increasing phonon scattering by mechanisms such as increasing phonon-phonon interaction or by scattering by grain boundaries ͑both external and internal͒, point defects ͑isotopes͒, dislocations, etc. Introducing scattering centers via chemical substitution increases phonon scattering, which serves to reduce L . Typically, grain boundary effects are not as prominent at these higher temperatures.
We have previously reported the investigation of the thermal conductivity of Ti-based half-Heusler alloys by Zr doping at Ti site. 16 The substitution of Zr for 16 The electronic properties and PF were very sensitive to the Sb concentration, which were kept at xр5% ͑atomic percent͒. Thus, the electronic properties were optimized as a function of Sb concentration for the TiNiSn 1Ϫx Sb x system. Unfortunately, the variation of L of TiNiSn 1Ϫx Sb x with different concentrations Sb is not so simple to understand. The L of TiNiSn 1Ϫx Sb x as a function of temperature is shown in Fig. 1 In an effort to understand the results shown in Fig. 1 , we have performed a systematic investigation of the grain structure and grain size in this series of samples. Previously, it was realized that in polycrystalline materials, there could be some dependence on grain size at room temperature and above. 13 It was reported by Rowe and Shukla that grainboundary scattering had been effective in reducing L in SiGe for a temperature range of 300-1100 K. 15 Here, we studied the microstructure of TiNiSn 1Ϫx Sb x to investigate the effect of grain sizes on L . This series of samples of TiNiSn x Sb 1Ϫx have been polished and etched for about ͑50-60͒ s.
The resultant characteristic grain structure of a Ti-based half-Heusler alloy is shown in Fig. 2 and it is observed to be of varied sizes as shown. At some regions of the etched sample, the grains are partially observable, while in others, the grains have clearly defined grain boundaries. Hence, approximation to certain extent came into existence while calculating the number of grains. But the same approach has been taken for all the samples. The grain size as expressed by the ''diameter'' of the average grain, is calculated using the Planimetric ͑or Jeffries'͒ procedure. 17 In an effort to further reduce the grain sizes a sample of TiNiSn 0.95 Sb 0.05 was synthesized by ball milling and shock compaction ͑BM-SC͒. The scanning electron microscopy pictures as shown in The effect of reduced grain size on the thermal conductivity was striking. Investigations of the microstructure at higher magnifications actually showed the larger grains were made up of a cluster of much smaller ͑sub-micron͒ grains. 
